8-Hydroxyquinoline covalently bound to silica via a one-stage Mannich reaction was used as an adsorbent for the pre-concentration of Pb(II), Cd(II), Zn(II) and Mo(VI) ions from aqueous solutions in the dynamic mode following determination of their concentrations by X-ray fluorescence methods. The adsorption of Pb(II), Cd(II), Zn(II) and Mo(VI) ions was studied from individual and complex multi-component solutions of both natural and technogenic origins. Peculiarities associated with the simultaneous X-ray fluorescence determination of mixtures of toxic metal ions in a solid matrix are discussed.
INTRODUCTION
Pre-concentration of ions and molecules via the use of natural and synthetic adsorbents can significantly improve the sensitivity of subsequent analyte determination. Low concentrations of toxic metals in natural and waste waters can be efficiently determined using silicas covalently functionalized with complexing ligands ([SiO 2 ]-L). Special attention has been paid to silicas functionalized with common analytical reagents. Their application can provide not only an improvement in analysis sensitivity but also a strong increase in selectivity. 8-Hydroxyquinoline is known to form strong complexes with most d-metals and adsorbents functionalized with this particular reagent are used extensively (Cornejoponce et al. 1998; Ponce et al. 1996; Sarzanini and Mentasti 1991) .
After pre-concentration, it is expedient to determine the concentration of toxic metal ions directly in the solid phase of the adsorbent. Very promising results can be obtained via the application of solid-state X-ray fluorescence techniques. According to published data (Gerwinski and Schmidt 1998; Belikov et al. 1999; Nieminen and Niinisto 1999; Nagata et al. 2000; Tikhomirova et al. 1991) , this method is employed widely for the determination of toxic metals. Most papers describe the use of calibration curves obtained for solutions containing individual ions (Gordeeva et al. 2002; Trofimchuk et al. 2000) . However, solid-phase extraction and concentration is generally performed under conditions where the simultaneous adsorption of various ions can occur, and hence the mutual influence of different ions on the characteristic X-ray fluorescence line intensities must be considered.
This work describes the application of X-ray fluorescence spectroscopy for the parallel determination of Pb(II), Cd(II), Zn(II) and Mo(VI) ions present in natural and waste waters after their pre-concentration by 8-hydroxyquinoline-functionalized silica in the dynamic mode. Peculiarities of the determination of mixtures of some toxic metal ions in solid adsorbents by X-ray fluorescence analysis are discussed.
EXPERIMENTAL

Adsorbent synthesis
Chemical attachment of 8-hydroxyquinoline to the silica surface was carried out using the method developed previously in our work (Tertykh et al. 2000) . This method involves the use of amino-containing alkoxysilane and paraformaldehyde, according to the following scheme:
Silica with a specific surface area of 256 m 2 /g (Merck, particle size fraction 0.06-0.16 mm) was used as the carrier. 8-Hydroxyquinoline (730 mg, 5 mmol) was dissolved in 5-10 ml of ethyl alcohol and heated slowly. The volume was then increased to 15 ml and 0.3 g (10 mmol) of paraformaldehyde, 1 ml (5 mmol) of 3-aminopropyltriethoxysilane and 10 g of silica were added. The mixture was heated at 60°C for 5 h under constant stirring. The resulting modified silica was dried at 100°C for 2 h, then washed with ethanol (7 × 20 ml) and again dried at 120°C for 1.5 h.
FT-IR study of the modified silica (Nexus 470 IR spectrometer) demonstrated that chemical attachment of 8-hydroxyquinoline molecules to the silica surface had occurred.
Analysis of cation concentrations
Equilibrium concentrations of Pb(II), Cd(II), Zn(II) and Mo(VI) ions in individual solutions were measured according to known procedures using UV-vis (Marchenko 1971; Zhivopistsev and Selezneva 1975; Shcherbov and Matveets 1973) and atomic absorption spectroscopies. UV-vis spectra were measured using an SF-46 spectrophotometer (LOMO, Russia) employing a quartz cell with a path length of 10 mm at 455 nm for Zn(II), 500 nm for Cd(II), 520 nm for Pb(II) and 470 nm for Mo(VI) ions. A Saturn (Ukraine) atomic absorption spectrophotometer was used for atomic absorption analysis (AAA) employing a mixed propane/butane flame. This method was used to measure equilibrium concentrations of Pb(II) ions (concentration range of 0.5-2.0 µg/ml, at λ = 231.9 nm) and Zn(II) ions (concentration range of 0.1-2.0 µg/ml, at λ = 283.3 nm) in their mixtures.
Adsorption by the functionalized silica was calculated as the difference between the introduced and measured (via UV-vis or AAA) equilibrium concentrations of the metal ions concerned. The percentage adsorption (R) was calculated via the formula: where m 0 is the weight of metal ion introduced, m ads is the weight of metal ion adsorbed and m is the weight of metal ion in the equilibrium solution calculated as m = CV, where C is the equilibrium concentration and V is the equilibrium volume. X-Ray fluorescence spectra were recorded on an ElvaX spectrometer (Elvateks, Ukraine).
RESULTS AND DISCUSSION
Adsorption characteristics of silica with grafted 8-hydroxyquinoline
Silica with grafted 8-hydroxyquinoline was prepared from 3-aminopropyltriethoxysilane, paraformaldehyde and 8-hydroxyquinoline via a one-step Mannich synthesis. The strong complexing properties of 8-hydroxyquinoline gave the resulting adsorbent a strong affinity towards heavy metal ions. Thus, over the pH range 6-8, the adsorbent bound toxic metal ions such as Pb(II), Zn(II), Mo(VI) (complete removal), Cu(II), Fe(III) (90-98% removal) and Cd(II) and Al(III) (partial removal, i.e. 60-80%). It was established that adsorption was due to coordination of these metal ions to the grafted 8-hydroxyquinoline molecules. As an example, data regarding the structure of complexes of Cu(II) ions bound to 8-hydroxyquinoline were obtained from ESR spectra. According to calculations based on these spectra, the principal values of the g || -and g Ќ -factors were 2.372 and 2.064, respectively. This enabled an assumption to be made regarding the nearest coordination associated with the Cu ( Adsorption occurred rapidly and all the toxic metal ions investigated were fully extracted after 5 min contact with the adsorbent in the static mode. Consequently, the modified adsorbent material may be employed to remove heavy metal ions in the dynamic mode. Moreover, when prepared according to the techniques described above, the resulting adsorbent possessed a higher concentration of grafted 8-hydroxyquinoline relative to that obtained by the conventional anchoring method. The resulting modified silica has a very high sorption capacity (ca. 4 mmol/g), approaching that of polymeric resins and can be used efficiently for developing water purification processes (Glushchenko et al. 2004) .
In order to study the adsorption of Pb(II), Cd(II), Zn(II) and Mo(VI) ions in the dynamic mode, conically-shaped columns of 8 cm length and 8 mm diameter were constructed from polymeric material. Solutions containing dissolved salts of the cations to be adsorbed were then allowed to flow through such columns filled with the adsorbent. The concentrations of adsorbed cations were measured by X-ray fluorescence spectroscopy using circular cells with an inner diameter of 21 mm filled with solid adsorbent (0.2 g minimum weight). The average flow rate through a column filled with 0.2 g of solid was 1.5-2 ml/min.
With such an experimental setup, Mo(VI) ions were fully removed from the solutions studied (see data listed in Table 1 ). For the other ions considered, it was found that over the concentration intervals studied the removal percentage increased slightly with increasing initial ion concentrations. This phenomenon has been described previously (Trofimchuk 1990 ) and may be related to the peculiarities of adsorption processes using complexing adsorbents. However, the optimum concentration for the removal of such ions occurred within a range which was greater than their maximum allowed concentration in drinking water (from 2-to 5-fold) (Snizhko 2001 ). Hence, the modified adsorbent material can be used efficiently for the pre-concentration of toxic metal ions and their complete removal from polluted waters.
X-Ray fluorescence calibration curves for individual ions
The dependence of the X-ray fluorescence intensity on the metal ion concentrations in the solid adsorbent was measured using the L α -(Pb), Κ α -(Zn), Κ α -(Cd) and Κ α -(Mo) lines. Calibration samples were prepared by adsorbing a measured amount of each ion from its individual aqueous solution onto the 8-hydroxyquinoline-containing silica. This amount was measured using UV-vis spectroscopy or AAA. The samples were homogenized by grinding in an agate mortar. Linear calibration curves of X-ray intensity versus concentration of metal ions in the solid phase of adsorbent were obtained for Pb(II) ions (over the concentration range 20-600 µg/ml) and Zn(II) ions (over the concentration range 50-1000 µg/ml) (Figure 1) , as well as for the other metal ions studied. This enabled X-ray fluorescence analysis to be used as a convenient and simple technique for the determination of Pb(II), Zn(II), Cd(II) and Mo(VI) ion concentrations in individual solutions after their pre-concentration by silica with grafted 8-hydroxyquinoline.
Peculiarities associated with the determination of X-ray fluorescence intensities due to the presence of Pb(II), Cd(II), Zn(II) and Mo(VI) ions in the solid adsorbent phase after simultaneous pre-concentration of such ions
A model solution (50 ml) containing 60 µg of Pb(II) ions as Pb(NO 3 ) 2 , 200 µg of Zn(II) ions as ZnCl 2 , 20 µg of Cu(II) ions as CuSO 4 • 5H 2 O, 5 µg of Cd(II) ions as Cd(NO 3 ) 2 and 20 µg of Mo(VI) ions as (NH 4 ) 2 MoO 4 • 6H 2 O was prepared. Hence, each cation was present in two-fold excess relative to its maximum allowed concentration in drinking water. The solution thus obtained was passed through the column filled with 8-hydroxyquinoline-silica (0.2 g). The resulting solid containing adsorbed cations was dried at room temperature, ground thoroughly and studied via X-ray fluorescence analysis.
The X-ray fluorescence spectra for each cation are shown in Figure 2 . The concentrations of the studied cations in the adsorbent solid phase were determined on the basis of the experimentally Table 2 . According to the experimental data, after pre-concentration from a mixture of toxic ions onto 8-hydroxyquinoline-containing silica, the concentrations of Pb(II) and Cd(II) ions may be determined quantitatively from the resultant X-ray fluorescence line intensity. However, only 50-60% of the total metal ion concentrations introduced in the initial solution was found in the adsorbent phase for Zn(II) and Mo(VI) ions using this technique. The decrease in the intensity of the X-ray signal for Zn(II) and Mo(VI) ions can result both from their incomplete removal from the starting mixture and from the disturbance of the measured fluorescence signal by the presence of other metal ions.
In order to throw light on this phenomenon, we studied the influence of the presence of excess amounts of some toxic metal ions both on the adsorption of Zn(II), Mo(VI) and Pb(II) ions onto 8-hydroxyquinoline-silica (with adsorption being studied either by UV-vis spectroscopy or AAA) and on the resulting measured X-ray fluorescence spectra.
Adsorption of Zn(II) ions in the presence of Pb(II) and Cd(II) ions
The adsorption of Zn(II) ions remained virtually unchanged in the presence of Cd(II) ions. In contrast, a significant decrease was observed in the presence of Pb(II) ions (see data in Table 3 ). This result may be explained by the higher values of the complexation constant for 8-hydroxyquinoline with Pb(II) ions compared to the situation with Zn(II) ions.
Effect of the simultaneous adsorption of Pb(II) and Cd(II) ions on the determination of Zn(II) ions by X-ray fluorescence
The influence of the concurrent adsorption of Pb(II) and Cd(II) ions by 8-hydroxyquinolinecontaining silica on the X-ray fluorescence determination of Zn(II) ions was studied as follows. The dependence of the intensity of the K α -line fluorescence due to Zn(II) ions on the concentration of the latter in the solid phase was determined by separately measuring the spectra of the adsorbent solid containing only adsorbed Zn(II) ions (varying concentrations), Zn(II) ions (varying concentrations) adsorbed in the presence of an excess of Pb(II) ions (1 µg/ml) and Zn(II) ions (varying concentrations) adsorbed in the presence of an excess of Cd(II) ions (500 µg/ml). Comparison of the measured spectra showed that, over the concentration interval of Zn(II) ions studied (< 250 µg/ml), the presence of Pb(II) and Cd(II) ions in the adsorbent solid phase had no influence on the intensity of the K α -line fluorescence due to Zn(II) ions (Figure 3) . Comparison of the data depicted in Figures 3 and 4 shows that when the concentration of Zn(II) ions was less than 200 µg/ml, the presence of Pb(II) ions in the analyzed solution had no influence on the intensity of the K α -fluorescence line due to adsorbed Zn(II) ions. However, at higher Zn(II) ion contents in the solution (> 200 µg/ml), the simultaneous presence of Pb(II) ions altered the intensity of the characteristic fluorescence K α -line due to Zn significantly (Figure 4) . When the Initial amt. of metal ion introduced, m 0 (µg/ml) Zn(II) ion concentration varied from 250 to 1000 µg, the presence of Pb(II) ions in the starting solution led to a significant decrease in the intensity of the K α -fluorescence line due to Zn(II) ions. This phenomenon may be explained by the decreased adsorption of Zn(II) ions in the presence of Pb(II) ions over the concentration interval studied ( Table 3) .
Influence of the presence of Pb(II) ions on the X-ray fluorescence determination of Mo(VI) ions pre-concentrated in the solid phase of adsorbent
The influence of Pb(II) ions on the determination of the Mo(VI) ion contents after pre-concentration of the latter on the silica with immobilized oxine was studied by determining the variation of the intensity of the Mo K α -fluorescence line on the Mo(VI) ion concentration in the starting solution, both in the absence of Pb(II) ions and in the presence of the latter at a concentration of 1 µg/ml in the solution ( Figure 5 ). Provided that the Pb(II) ion content in the solution did not exceed 170 µg/ml, the presence of Pb(II) ions had hardly any influence on the intensity of the K α -line due to adsorbed Mo(VI) ions. Those changes in intensity which could be observed were attributed to changes in the adsorption behaviour of Mo(VI) ions in the presence of other metal cations. It was necessary to take into consideration that Cd(II) and Zn(II) ions exerted a substantially greater effect on the L α -line fluorescence of Pb(II) ions than increasing amounts of adsorbed surface Pb(II) ions. As a consequence, the fluorescence signal emitted by Pb(II) ions decreased strongly in the presence of adsorbed Cd(II) and Zn(II) ions (Revenko 1994; Afonin et al. 1984.) . This fact should be taken into consideration when developing new techniques for the X-ray fluorescence determination of Pb(II) ions after their pre-concentration.
Influence of the presence of Cd(II) and Zn(II) ions on the X-ray fluorescence determination of adsorbed Pb(II) ions
CONCLUSIONS
Small concentrations of highly toxic Pd(II) and Cd(II) ions in aqueous solutions can be measured quantitatively via X-ray fluorescence spectroscopy after their pre-concentration by adsorption onto silica possessing grafted 8-hydroxyquinoline. The use of individual calibration curves describing the dependency of the intensity of the X-ray fluorescence line for the measured ion on its concentration in the solid adsorbent matrix is recommended. However, the mutual influence of other toxic metal ions should also be taken into consideration when analyzing multi-component systems. In the presence of other toxic metal ions -especially Pb(II) ions -incomplete (50-60%) removal of Zn(II) and Mo(VI) ions was observed. As a consequence, X-ray fluorescence measurements can only be used on a qualitative basis in such multi-component mixtures.
